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{ July 1984 ~ Journal of Astranautics Third Issue

A Comprehensive &#nalysis Algorithm
for Ablation, Temperature Fields, and

Thermal Streccses of Carbon-based Nosetip Materials
Huang Zhenzhong
ABSTRALT
. . . » P s, e .
v, . 7 ;o k ; / -

This paper narrates the composite calculative principles for“ablation.
conduction, and thermal strescez of flight vehicles in a re-entry

environment, as well as a few techniques beyond these principles. In regards

to the chemical reactions of carbon-based material ablative surfaces, a ) e
selective calculation result is used to simplify the thermochemical ablation
calculations. © spaced and non-spaced three-level explicit difference scheme
was ch;sen for use in the calculation of temperature fields. Thermal

stresses were calculated using the/Finitngfement Method within the

Hypothesis of Linear Elasticity, based on the incomplete Principles of
VYariational Potential Enerqy, wherein it ic possible to calculate the

influences of many different types of displacement boundary conditions.

During the compilation of the® comprehensive analysis procedureg{herein;van
automated mesh dividing technique was found which has application in

selective calculations., . . /

. This document received Jovember 12, 1982,
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1. Foreword

The use of carbon~based materials to serve ac heat chields in flight
vehicles has long been a primary objective of research [1-3]. UOne of the
leading reasons for this is to make thermal ablation an insianificant factor
of external change that takes place during the time 54 re-entrv. Howewver,
the abrupt thermal environment and subsequent onslaught of thermal stresscors
is a very serious danqger, Resultingly, a comprehensive analrsis algorithm
that =imul taneously calculates thermal environment, ablaticn, conduction. and

thermal stress has been created, and, in regards to the problems of combating

"

heat with carbon-based nosetip materials, hags become a vital necessity. Thi
paper recounts the calculation méthodologyi and al though it iz equally
applicable for use with QIAG-type nosetips, the figures and examples provided
are ftor the SAl-tvpe nosetips {TN: transliterations for QIAC and 5A&l mar also
be pronounced as KE and SE respectively; literal translations for the

romanization are jacket/cases/coated for QRIA0 and shell for SAIlI1].

The thermal stress state of heat recsistant nosetips not only impinges
upon the nosetip’s construction and form, but also impinges upon the thermal
environment, ablation, and changes that take place within an instantaneocus
heat +¢ield. These factors each have a mutual influence., Herein, we endeavcr
to fully link these factors together and realize a poscsible simulation of

actual conditions.
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1I. Ablation and Ablative Contour

During the course of re-entrr, the carbon-based protective heat shieid’

[h]

thermochemical ablation primarily occurs at extreme surface temperatures that
surpacs 3000 degrees K. During this time, the carbon surtace’s

]

pU

thermochemical reaction can be expected to depart from normal theoretic
conditions [ 4] [TN: sicl., The surface temperatu-e of the heat resiztant
shield rises extremely facst durirg the time of re-entry, although during
inttial re-entry it is influenced by abnormal thermochemical reactionz.
However, for quantitative comparisons of total ablaticon, this particular
stage of ablation is very limited. Nonetheless, during the time of actual
re-entry, all calculations of abiation are_ in accordance with normal chemical
hy¥potheses and could not lead to errcors that would influence cutcome of

calcutltation [TN: =icl.

The meticulous analryszis conducted for thermochemical ablation of
carbon-based nosetips uses thermodrnamice data taken from bibliographical
reference [ S] [TN: the document cites reference 5 when, in fact, it is
referring to reference &'1., In regards to the thermodrnamics numeric data

provided for five types of wvapors and 18 trpes of zompounds: C <ga

(1]

eQust, C;,

Qz’ Cq, Ce. CO. CO,, ;KD’ CJDL‘ CN, CNa(C—N—N). CNgy ¢N=C-N3, C N, Q,hg, and D?
N a dressing by screening calculation was conducted for actual ablative

al

surface edges of the projectile, The resultes can be seen in Figure 1, Here,

W A
< ;f< (=1, 2, 3, ... 15) exprecsses succezsive formation of the
aforementioned compound reactions. Carbonization in ablative change occupies

only a fraction of the total thermadynamic ablative rate. Calculations
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clearly indicate that in an ablativwe carbon surface, the formation of CO,

C C3.
L}N. and CH 1n a reaction {(corresponding to;g) ,}?),;ﬁc‘”, ar:df‘ze’ S curve in
Figure 1>, in regards to the carbon‘s ablation rate or the contributicons of
the thermal effect when compared to other reaxctione, iz much larger., This
tact alone could areatly simplify the calculation of ablation. It is

sufficient *or us to calculate th

hd
1]

e major reactions and corresponding

chemical elements, 30

13[:,.—-—.__3(:‘3
C+ DKF—_—-‘CU
C+ N2F===CN

2C+

r‘l r———

==L Mg

wl= Pl -

As the thermodrnamic data clearly shows, in . common ablative surface

temperature ranges, the normal constants and thermal eftects of th

ho

r

i

actions can be completely expressed in Figure 1| with use of zimilar
equations and approximation averages used as their exprecssions. This makes
cxlculation of ablation much more convenient. The normal constant in &
carbon-oxrgen reaction can only use an oxrgen residual that is =qual to zero
a3z a1 substitute, This iz because from the normal consztant we Know that

oxwvgen 10 an ablative reaction has an actual residual vwalue that is so z=mall

we cCan consider it as negliigible from the =tart,
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Figure 1. ‘"aricus carbonic ablative rates for reactions at ablative wall
represented as a fraction of projectile change.

The ablati -3 17172 quantitative thermochemical ablatiwve rate

can be
expressed as
m:'=B' ¢ng/fh 'S

. wherein the dimensionless ablative rate 25 is derived az a normal constant b
®
‘ means of 2 co-rautine to figure the dispersion equation for the attached

surface larer
[ ]

The thermal current entering the ablative wall is

. Qo.=9q+q.,,—ecTs .
: 2
) 7
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The second and third orders of the equation on the left represent the

atmosphere opposing the ablative wall and the outer boundary radiant heat of

the ablative wall. Furthermore,

a1 4 )+ £ T 0]

We need only provide calculations for denudation and particle immerszion.
then we can perform a comprehensive calculation sequence for conduction and

contour changes [TN: sicl as influences of thermal stress.

The nosetip, during the course of the ablative process, undergcoes an

instant exterior contour change, and this can be represented as an equation

ar, _ A M

at helme, P TR

Here, ﬁhJ i the quantative rate for ablation, denudation, and immersion {TM:
particle immersionl., This is a nonlinear, hyperbolic differential equaticn.
The methodology used in deriving this equation is first to begin with an

AL Tation linearization equation, then uce the Implicit Difference

Scheme. Thiz zerves as a type of man-made patch that allows us to create a

"

difference equation., Finally, we use a method of cubstitution to derive our
solution. Bibliographical references [ S, 7] iterate the p::-. =3 in precice
detail. In Figure 4 at the back of this paper, a simul taneous calculation of
temperature fields is outlined. These methods [TN: refers to above methodsl

are used to calculate the course of ablative heat protection for the nosetip

contour.
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Table 1. adpoproximation Formula for MNMormal Constants & Thermal Effect,

1gK,=6-6x10*/T(*K)

AQme—dx10°T("K)
ReacTion A
Formolae o ’ b C

3c=C,4 9.541 | 39.2%Y4 199.7 5.31

C+£0,==CO0 ~13.8 2.1

CHN,=CN j.008 |22.x04 0l. 2

W N=CN [ 572 | 28.9y8 | 1376 /98




MRS R R ML L gt d il A el gy Lul oA S S s

III. Instantaneous Temperature Fields

- . The majority of carbon-based materials assume an anistrophical form. and
i as a result of this we must conduct calculations by meanes of a thermal

a

& conduction equation for the anistrophic materials. In calculating the

temperature fields for the SAl-fabricated nosetip model, we must break down

the calculations for the SAl-model nosetip proper and the secondarvy
components. For this, we will choose to use an arbitrary boundary surface.
For example, a spherical surface which meets a man—-made boundary ac depicted

in Figure 2. In regards to the main component, a spherical coordinate srstem

was selected with the corresponding coordinate origins. Furthermore, a
mobile coordinate system was used in conjunction with the ablation
displacement boundaries so the below illustrated coordinate transformations

could be carried out:

[- E= r—r;

A(9s¢")

il (S
: IR

) =

N\

= Ty e

| . ] 0 artificial boundarr - {
Figure 2. Coordinate 3r3t

With the ablation displacement boundary transformation equations, we now have
a stable boundarvy. Furthermére, thermal conductivity for the three mutually

perpendicular primary angles is represented in the equation as

10

RELANE. SIC N - s




which becomes

XpCT) ¢ 3A a(oCT)
N A

E i [y

Here, ;Lﬂ/é?1;is the rate at which the width changes. This is from the
externxl change rateé;rk /'é)t from equation (43, NMNow the ablation

boundary’'s thermal conductivity conditions are

£=1, 7 q=-Q

-
o

and

Q=qe.+ p(j::CdT)(1+C§+CI)-§% :

Mow we need only check the zero angle of attack in the body of
revolution. Furthermore, at the very minimum, we must also check the wind
axis and the anistrophic similarities of the lewvel surface. With the
materials of Ke= kb ¢ We can cauce a differential abatement involving¢ and
simplify the problem of symmztrical wind axes. In this type of problem with
wind axis symmetry, after the change has occurred in equation (7)), the
derivatives of the temperature-to-space coordinates of the first and second
order, and the thermal flow opposing these atmospheric coordinates, all have
internal (TN: referencel points that have a second order precision in a

centered ditference equation. We can have a second order precision for both
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pre and post differences. In regardes to the derivative of time, the
temperature field iz obtained throught uze of the DuFort-Frankel difference

scheme. Afterwcrds, from the equation we get

L= (T 4TI +o(Ar)

Here, superscript n represents the time gap. Omitting the minute

quantities of higher order, we can correctly obtain-a direct and simple
calcutation of stability using the three-level explicit difference equation.
To follow along with the detailed process and reasoning of‘this equatiocn,
refer to bibliographical reference [S]1. Therein, it provides an explanation
orn the precision and analrses for this, the algorithm which provides us with
an excellent degree of precision and influences the time gap very littie,

In regards to the S5SAl-model component, it is nonexistent in the
displacement boundary. This is because a fixed columnar coordinate syv=stem
was chosen for use. VWe also have a zero angle of attack in the body of
revolution, so for kKq = KL « the thermal conduc-: ity equation can be written

in axisymmetrical form as

2oCT) _ 12 aT\, 3 (, aT
ot r, or, reke or, )+ 2z \k' oz )

[
-

for the main body of the SAIl component. For the man—-made boundaries of the
5] component, we must use a method of calculation that coordinates thermal

flow calculations with the sequence of conditions that arise.

In carrying out our data analyses, we chould point out a few facts for
::- the use of the difference equation (11>: speakKing in terms of the 9

%i coordinates within the spherical coordinate srystem, the main ccmponent is
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partitioned into mesh lines based on averages. Howewver , thiz mecsh +alls
within the 5al component’z columnar coordinate svstem and is represented as
ortentation e and its wvalues are not based on averages. Furthermore. +cr
the secondary boundary readings of thermal flcow, this method zequernced the
conditions in the proper order. The mesh pointe partitioned within the Z&l
component fall within this boundary and are, of courze, calculated with the
main component mesh points., This forced us to conform these meszh points to

the non-spaced mesh points of the 5&I component. Wt the same time, the

(1]

boundary itself was alzo considered irregular. In order to cocordinate this
with the main component, for these trypes of non-spaced mezh pointz, a
three-level explicit difference scheme muzt also be used. It ig done bv
performing the Tarlor spread on the origin node’z temperature and thermal
flow. By deoing it in -this manner, we get a derivative for temperature and

thermal flow Of non-spaced gaps for x difference approximation, For esxample,

9D B

(ﬁ) - 1 [_Arua g +( Aaries __Bro. )T,.,

LS
or, AF i+ AT e L AP ey ! Ar,ia Ar i

ATy i ie

ra )' 1 ( Az,
, = —_—zld A
EaUh> _‘,-,, F(Aziu+8zi) VB2 e

A2)eu=A82/4 Az;
+ BZea T aZia ‘,_)T”M_*_( A2,+hlk"—i +A2’~‘Aéﬁ+_l_l_ m,)]',_h,

Azi*l.l F)

(1 __ 1 '
Az}, i (Az!.l Azsyyy ) (8214

— Azi, Az
[AZ, et ll’i.’+ ——Mk

+ Azlﬂ.l) k,l.l] TI.[ }+ 0(?:—%)
[N} I3

and
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Az 1=2,,-2,_,, 14
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Finally, we use a similar methodcologr for the non-spaced mezh points of the
main component €O we can get & non-spaced mesh point to be used in the
three-level explicit difference scheme.

aT aT _ _
kc ar. ﬂn"*'k. 72_": f(T,",,Z,f) (15)

For the boundary conditions found at the irregular boundary, a very
éomplicated difference scheme was constructed. This wae due to the linear
dtfferences between mesh points and the boundary. Figure 3 provides an
1t1lustration of the boundary mesh points. We need a'non—epaced difference
expression for the temperature at node (J,1>. Using a partial ditferential
of the first order with second order precision, we must, at the same time,

also have provisions for the intersection of the second order partial

differential in the non-spaced difference equation. This establishes the
difference equation for boundary conditions found in equaticn (15). Due to
the use of a non-spaced difference approxipation in the partial differential
for the boundary, zside from the difference approximation differentixl

1tself, we must not rely too heavily on man—-made approximations or else our

results will nao: -2 aszs accurate [TH: sicl.

FLith  JZiH

J 1
I ,
J',l L J-Zpy
Ill-‘
Y ‘ J"vl', J‘ZDL—I
Figure 3. M™esh points ¢J,1) within the Mesh Point Swstem.
a: n/a

It is in this manner that we realize a comprehensive analrsis
algori*-7, The calculations shown are a model for spaced and non-spaced
ditference cchemes, The time interval, stability, and precision are cof

little influence under these ordered conditions.

14
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Figqure 4 illustrates the

thermal ccocnduction in a SAl-model qgraphite nosetip.

"r1-" i

Figure 4. Calculation

conduction at varving altitudes for the S&l-model

b: Kilometers

- <ilometers

d: kilometers

15

cxlculation recults for re-entry ablaticon and

results for re-entry ablation and thermal

graphite nosetip.
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v, Stresz angd Strain Fields

Carbon-type materials have a very small range of plasticity. Research
in this area has been limited to problems dealing with strain znd linear
elasticity. In the fundamental calculations for Known temperature fieldsz,
stress fields, and strain fields, this has been baséd on the incomplete
Generalized Potential Energy Theory [81 and it fits into boundary load anag
boundary displacement conditions only in terms of the Principles of Linear

Elasticity as related to minimal displacement

n- .\‘H[‘4(e¢,)~F,u,’]dv— || Pu.ds
.. e P14
“ u,— &, )a.,n,ds
5.

(U]

Here, the Finite Element Method was used to carry out the calculaticn
Within this equation, the subscripts i,j express the weight and zummation
siqan. In problems of symmetrical axes, we can simplify values within the
columnar coordinate system so our problem becomes one of a meridian surface.
In the selection of a triangular form to become a finite element, aside from
dizplacement Y at the axis orientation, the nodes are designated as
constants. This causec the ablative surface shield to serve az the odd
integral in the symmetrical axis. According to the proposals cited in
bibliographical reference [9],»we can directly obtain values for

circumferential stress by

w=9%
’ r, (17D

Within the singular element, we use the fabricated linearization to derive a

value function
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Here, the superscript @ exprecses a value for the sinqular element. &;}Q]

the ordered nodal! constant previcuslr ordered as

{8} =1lw, 0, w, v, w, v 7 Q1%

We use the extracted value function from eguation 712) so we mar hauve an
integral for equation ©148), Next, a similar extraction iz done for the octher
elements forming a composite, overall functional. With an obtained riumeric
value equal to double the npodal totals, the unknown quantity 15 specified as
nodal! constants Tf'and\uJ which also gives a sub-equation for the zvmmetrical

coetfficient gap of linear elasticity. Based on this, we can obtain valu

[ J
m

in

o

for strain and stress from the strain—displacement and stress-str

derivatives.

In equation (14>, because the boundary conditions are fully sncompascsed
within the functional, this in no war causes 1ilaogical calculation of those

toundary conditions. Moreover, we are still in the process of rezearching

the ef+2cts produced for many different trypes and Kinds of boundarw

conditions., In this azpect, we can onl¥ rationalize the szustained

g

LR AT

atmospher:c pressure effects fqr the external boundarr. However, the most
important of all considerations, that of free boundary conditions, cannot be
rationalized. Thic is a problem for which we must find a solution. In
coming up with a proposal that meets all boundary conditions, it could
possibly be broken into three conditions or categories for such an algorithm.
The first would be for free boundary conditions; the second would be far pre

and post boundary displacement, for example, dealing with pre—-defined

17
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aisplacement 1 imit values of zero; the third could be for partial limits, faor
examplie, slippage angle loes allowanceszs, exclusion of orientation

displacement, etc., With these foundations, we can also, f courze, werw

Q

2asily rationalize the co-existence or unity of the three aforementiconed

boundary conditions.
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V. Selective Calculation Methodologr

1f, during the calcutation of thermal stress, we calculate the nosetip

contour at different points or origins, we must use the Finite Element Method

5 to per+orm ditvisions for all of the prior mesh pointe, and thiszs is indeed

;i au | te cumbersome. Even if we speak in terms of a s{ngle origin for the
nosetip contour, because of ablation and the variocus conditions that are

[l subliect to change at any time, we still must be able to fiqure the criqgin oFf
the nosetip contour at any instant, and all of these calculations are done
‘i using the Finite Element Method”“s long~hand divicsion, performed one by ane,

by man, for each mesh point. This makes the whole process unfeasible,

b
:1 Because we can only perform calculations of thermal stresz for a single,
Ei fixed form or for a few forms, each calculaticn must have its own division

done one at a time. As a result of this, the dewelopment of an automatic

E- mesh dividing technique for the phrsical contour changec that occur became a
-I necesszity., During the compilation of the comprehensive analy¥sisz algorithm,

; we discovered an automatic mesh dividing technigue. By using this technigue
5; to perform the divisions in the Finite Element Methad, not only can ablaticn

changes be calculated for the phw¥sical contour, but the contour chanzez alon

ful

the phrzical surface can be matched with these calculaticnz. Furthermore, we
need only specify the origins for the dimensions of the phvsical contour,
then for different sized and cshaped contours the automatic mesh dividing
technique will perform the calculations and match things up. As expressed in
Fiqure S, after a suitable selection of the constants R 6 zC”B'ﬁ' and éh_.
Tisted 1n the figure, we can carry out the calculations for each constant =

phrzical change= in zeque e by using the Finite Element Method.

19
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for contour of SAl-model nosetip at initixl stage.
(S

Based on necessity, selection of these poscsible constants at different ztage

can greatly simplif» the progcess of calculation, In the +inal quantitaxtive
analrsis of the effects of varionus types of boundary conditions produced,
this may provide signifticant contributions to engineering deszign.

In starting the comprehencsive analysigralgorithm for calculation during
im1tiral re-entry, based on the external constants provided faor the thermal
environment and the projectile trpe, we can begin to calculate ablation and

the 1nestantanecus temperature fielde and the thermal environment as theyr ar

[ 8]

coupled together in real—-time [TN:sicl. In fundamental calculations of the
instantanecus contour for ablation, and for the instant temperature +ields
along the contour for changing boundary conditions. this method of

cxlcutation can provide for the =stres

(1]

and strain +ields

&

t any instant
becuaze of the automation of the mesh dividing technique for the Finite
Element Method. We can use the algorithm to correctly calculate thermal +low

with the following conditions:

Cue to the calculation of temperature and contour at all times, the time
tntervals were set to a .2 second tolerance, and resultingly, all constants

for calculaticnz of the projectile are under these limitaticns.
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The results calculated here for the comstant z ., found 1n Figure 7 ars

—

oniy for the zelective calculation resylts af & graphite nosetip.
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S. Conclusian

This paper iterated the comprehensive calculation algorithm for
éblation, thermal environment, conduction, and thermal stress. Furthermcre,
within the comprehensive analysis algorithm, an automatic mecsh dividing
technique was tested. Utilization of the comorehengfue analvsis algorithm
for carbon-based nosetips during re-entry ablation., conduction. and thermal

stress at various atmospheric lewels can be accomplished with comprehenszive

rumeric data analy¥sis. Moreover, the form and deterioration of the nosetip

can be calcuiated in succession using selective calculation technigues [THM:

sicl.
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